Female multiple mating has been extensively studied to understand how nonobvious benefits, generally thought to be of genetic nature, could overcome heavy costs such as an increased risk of infection during mating. However, the impact of infection itself on multiple mating has rarely been addressed. The interaction between the bacterium Wolbachia and its terrestrial crustacean host, Armadillidium vulgare, is a relevant model to investigate this question. In this association, Wolbachia is able to turn genetic males into functional females (i.e. feminization), thereby distorting the sex ratio and decreasing the number of available males at the population scale. Moreover, in A. vulgare, females have been shown to mate multiply under laboratory conditions and males prefer uninfected females over infected ones. Additionally, different Wolbachia strains are known to infect A. vulgare and these strains differ in their transmission rate and virulence. All these elements suggest a potential impact of different Wolbachia strains on multiple mating. To investigate this assumption, we collected gravid females in a wild A. vulgare population harbouring both uninfected females and females infected with one of two different Wolbachia strains (wVulM and wVulC) and performed paternity analyses on the obtained broods using microsatellite markers. We demonstrate that (i) multiple paternity is common in this wild population of A. vulgare, with a mean number of fathers of 4.48 AE 1.24 per brood and (ii) females infected with wVulC produced broods with a lower multiple paternity level compared with females infected with wVulM and uninfected ones. This work improves our knowledge of the impact of infections on reproductive strategies.
Introduction
Promiscuity is a mating system in which individuals of both sexes mate with several partners during the same reproductive period. The question of the benefits of multiple mating for both sexes has been extensively studied (Reynolds, 1996; Jennions & Petrie, 2000) . For males, these benefits are obvious, as the number of offspring increases with fecundation success and thus with the number of partners (Bateman, 1948) . For females, however, benefits of multiple mating remain unclear, as only one male is generally sufficient to ensure fecundation of all oocytes. Two kinds of benefits resulting from multiple mating have been proposed for females: (i) direct benefits related to better resources provided by males to the female or the offspring (Arnqvist & Nilsson, 2000) and (ii) indirect benefits, also called genetic benefits, leading to offspring of better genetic quality (Yasui, 1998; Jennions & Petrie, 2000) . Besides these benefits, multiple mating increases the costs incurred by mating (Pomiankowski, 1987) : it enhances predation risk during the search for a partner and mating (Rowe, 1994) , risk of injury during mating (Chapman et al., 1995) and risk of acquiring a sexually transmitted disease (Thrall et al., 2000) , which in turn could affect reproductive behaviour.
Parasitic infections are known to influence mate choice (Beltran-Bech & Richard, 2014) . Avoidance of mating with infected partners is observed in many species, such as the western mosquito fish Gambusia affinis (Deaton, 2009) and Drosophila melanogaster (Wittman & Fedorka, 2015) , and often leads to an increase in fitness for choosy uninfected individuals (Beltran-Bech & Richard, 2014) . Moreover, several studies have shown that infection can alter mate choice and performance of infected individuals compared with healthy ones. Although infections are clearly known to potentially influence mate choice in natural populations, little is known about their effect on multiple mating.
A relevant model to investigate the effect of infections on multiple mating is the widespread alphaproteobacterium Wolbachia. This symbiont is well known for its influence on the host and notably on its phenotype, especially through the manipulation of host reproduction (Werren et al., 2008) and in particular for being able to turn genetic males into functional females in some species (i.e. feminization), which enhances its own vertical transmission (Werren et al., 2008) . Wolbachia can also modulate its host's reproductive behaviour (Farahani et al., 2015) and has been suggested to be involved in the evolution of polyandry in Drosophila simulans (Champion de Crespigny et al., 2008) . This symbiont is encountered mainly in arthropods, with 40% of all species estimated to be infected (Zug & Hammerstein, 2012) .
Several arthropod species are known to display multiple paternity, such as shrimps (Yue & Chang, 2010) or crayfish (Walker et al., 2002) . In the Wolbachia-harbouring isopod Armadillidium vulgare, multiple paternity has been observed in laboratory experiments (Moreau et al., 2002; Verne et al., 2007) and is strongly expected to occur in natural populations as well, although its occurrence is currently unknown. In this species, multiple paternity is possible due to the presence of a seminal receptacle in females which can store spermatozoa after copulation (Suzuki & Ziegler, 2005) . These stored spermatozoa can sire offspring even after females have mated again and received sperm from another male (Moreau et al., 2002) . However, due to this ability to store spermatozoa, only a single mating is enough to fertilize all the oocytes produced throughout the entire life span of a given female (Howard, 1940) .
In A. vulgare, we can expect that females infected with Wolbachia mate with fewer males than uninfected ones for several reasons. (i) Armadillidium vulgare males have been shown to prefer Wolbachia-uninfected females rather than infected ones under laboratory conditions (Moreau et al., 2001) , potentially leading to a lower number of male copulation attempts for infected females.
(ii) The same study highlighted that those infected females display behaviours that can prevent a successful copulation sequence (Moreau et al., 2001) . Thus, even with a similar number of mating trials, infected females could have a lower number of successful inseminations compared with uninfected females. Our expectation is supported by a field study on other terrestrial isopod species, in which females that were not mated at the beginning of the reproductive season were likely to be infected with a feminizing Wolbachia (Moreau & Rigaud, 2000) . Taken together, these elements make plausible a lower multiple mating level for infected females. On the other hand, different Wolbachia strains infecting A. vulgare have been observed in the wild (Cordaux et al., 2004) and can even co-occur in the same population (Verne et al., 2012; Valette et al., 2013; Dittmer et al., 2014 Dittmer et al., , 2016 . In this study, we will focus particularly on the strains wVulM and wVulC. Both Wolbachia strains are able to turn genetic males into functional females (i.e. feminization) in A. vulgare, but they differ in their transmission rate (Cordaux et al., 2004) and virulence (Braquart-Varnier et al., 2008) . Many cases of trade-offs between immunity and reproduction have been described, especially in invertebrates (Lawniczak et al., 2007; Schwenke et al., 2016) . Therefore, assuming that more virulent strains induce a higher physiological cost on females, it can be expected that those females reduce their investment in reproduction (which is usually assumed to be costly for females because of foraging time, assessing potential mates and mating), potentially by mating with fewer males than females infected with less virulent strains or, even more so, uninfected females. Consequently, the coexistence of infection with several different strains within a same natural population is a unique opportunity to investigate the effect of the diversity of a reproductive parasite on multiple mating. By collecting gravid female woodlice in the field from a single population, we used microsatellite molecular markers to perform paternity analyses on broods. Additionally, we compared the number of fathers and each father's contribution to broods according to female infection status.
Materials and methods

Sample collection
Armadillidium vulgare individuals were collected in April 2004, from a population located in the Integral Biological Reserve of Chiz e, France (46°07 0 20.9″N, 0°25 0 11.3″ W), in which different quadrats (5 9 5 m) were defined and sampled. This area is known to present both uninfected and infected individuals with either wVulC or wVulM Wolbachia strains (Verne et al., 2012) . In total, 168 adults were collected, including 23 gravid females. Individuals were collected from different quadrats to avoid collecting closely related individuals sharing similar microhabitats. All individuals were stored at À20°C prior to DNA extraction, except for the gravid females, which were kept alive in individual cylindrical boxes (diameter: 8 cm; height: 5 cm) filled with humid loam. The body size of each gravid female was measured using a graph paper for later analyses. The gravid females were fed ad libitum with carrot slices and dried linden leaves and were maintained at a photoperiod of 16 : 8 LD and 20°C until the emergence of pulli (juvenile woodlice). After the emergence of pulli, each brood was transferred into bigger boxes (26.5 9 13.5 9 6.5 cm) to reduce competition between pulli. After 3 months, 20 pulli from each brood were stored independently at À20°C until DNA extraction.
Molecular analyses
DNA was extracted from the nerve cord (including the surrounding fat tissue) and the gonads (i.e. utricles for males and ovaries for females) of 628 A. vulgare individuals (comprising the 168 adults sampled in the field and 20 pulli from each of the 23 broods) using the phenol-chloroform protocol described in Durand et al. (2015) . All samples were genotyped using seven highly informative microsatellite markers according to Verne et al. (2006) and Giraud et al. (2013) . All markers were amplified using a Multiplex PCR kit (QIAGEN, Basel, Switzerland). Markers Av2, Av5 and Av9 (Verne et al., 2006) were amplified together in a first multiplex, markers AV0018, AV0056 and AV0032 (Giraud et al., 2013) were amplified together in another multiplex, and Av3 (Verne et al., 2006) was amplified alone (Table 1 ). All PCRs were carried out according to the manufacturer's standard microsatellite amplification protocol in a final volume of 10 lL and an annealing temperature of 57°C, as described in Durand et al. (2015) ; 1 lL of PCR product was added to 9 lL formamide and 0.5 lL ROX standard (Life Technologies, Applied Biosystems, Foster City, CA, USA), and the amplified fragments were separated by electrophoresis on an ABI PRISM R_3130xl â Genetic Analyzer. Fragment size was determined using GeneMapper â version 3.7 (Applied Biosystems), followed by visual verification.
As some DNA samples could not be amplified successfully or produced insufficient electrophoresis profiles, the number of offspring analysed for each brood ranges from 12 to 20 (Table 2) . Subsequently, the Wolbachia infection status (either uninfected, infected with wVulM or with wVulC strain) of all gravid females was determined using the detection method described in Valette et al. (2013) . Thereafter, we noticed that there was no correlation between infection status and quadrats, suggesting a spatially random distribution of females infected by wVulC and wVulM and uninfected ones. This observation allows us to reject the possibility that females of a same infection status belonged to the same family or that they all lived in the same microhabitat, which could have been confounding effects when studying the effect of infection status.
Population genetic analyses
For each microsatellite marker, Microchecker version 2.2.3 (Van Oosterhout et al., 2004) was used to detect null alleles or scoring errors due to stuttering, as this could bias the estimation of the number of fathers involved in the fecundation of each female. The absence of linkage disequilibrium between microsatellite markers was tested using Fstat version 2.9.3 (Goudet, 2001 ) with 1000 permutations. For this analysis, the significance level was adjusted using a sequential Bonferroni (Rice, 1989) . Then, the allelic frequencies of each microsatellite marker were calculated using the software GENETIX version 4.05.2 (Belkhir et al., 2004) . These allelic frequencies were subsequently used to estimate the probability of detecting multiple paternity and to determine the most likely number of fathers involved in the fecundation of each brood. Observed heterozygosity and F IS (Weir & Cockerham, 1984) were calculated for the entire population of individuals sampled in the wild using the software GENETIX version 4.05.2 (Belkhir et al., 2004) . To test for departures from Hardy-Weinberg assumptions, we used an exact test (Fisher's method) based on Markov chains with the following parameters: 5000 dememorization steps, 500 batches, 1000 iterations per batch.
Parentage analyses
Probability of detecting multiple paternity (PrDM)
To estimate the probability of detecting multiple paternity (PrDM) using our microsatellite markers data set (i.e. to assess the reliability of our results), different simulations were carried out using the software PrDM (Neff & Pitcher, 2002) . These simulations took into account different parameters that might influence the PrDM in broods, such as the number of offspring analysed, the number of fathers, their respective contributions to the fecundation of each brood, and the allelic frequencies of each microsatellite marker in the population. As the software PrDM cannot process data with more than 30 alleles per microsatellite, we excluded the most polymorphic microsatellite marker Av5 from the analysis. PrDM was thus calculated using six microsatellites only. We investigated different conditions as in Jossart et al. (2014) : (i) two fathers contributed equally (50 : 50%) or unequally (10 : 90%) to the fecundation of broods; (ii) three fathers contributed equally (33 : 33 : 33%) or unequally (10 : 10 : 80%) to the fecundation of broods.
Level of multiple paternity in broods
To estimate the minimum number of fathers involved in the fecundation of each brood, the software GERUD version 2.0 (Jones, 2005) was used. Concomitantly, the most likely number of fathers was inferred using the software COLONY© version 2.0.5.8 (Jones & Wang, 2010 ). Spearman's correlation tests were then used to test whether the number of genotyped offspring in each brood could influence the assessment of both the minimum and the most likely number of fathers. Older NI, uninfected females. For female NI7, size could not be determined.
A. vulgare females (i.e. the larger females based on body size, as individuals grow continuously throughout their lifespan without difference between infection statuses (M. Lachat, unpublished data)) are more likely to have encountered and stored sperm from a higher number of males throughout their lives than younger females, potentially resulting in higher levels of multiple paternity. Therefore, this potential bias was tested using Spearman's correlation tests between female body size and the number of fathers (both the minimum and the most likely number of fathers).
Considering that GERUD only provides the minimum number of fathers, which does not reflect the total number of males participating to the production of offspring, the number of fathers inferred with COLONY (i.e. the most likely number of fathers) is a more accurate estimation and was then used in the following analyses.
Effect of female infection status on multiple paternity
To ensure that age did not differ significantly between infection statuses, we compared the size of the females depending on their infection status using a Kruskal-Wallis test. Then, female heterozygosity was calculated with the GENHET function in R (Coulon, 2010) using the PHt index (number of heterozygous loci divided by the total number of genotyped loci), to be compared between infection status. Then, a comparison of the number of fathers between the three female infection statuses was performed with a Kruskal-Wallis test followed by a post hoc Dunn test with HolmSid ak correction.
Contribution of each father to the offspring
To investigate a potential bias in the contribution of fathers to fecundation, the contribution of the different fathers (i.e. the number of offspring) to each brood was inferred using the software COLONY© version 2.0.5.8 (Jones & Wang, 2010) . Then, a multinomial test was performed to detect contribution bias within broods for which multiple paternity was detected. Finally, we investigated whether contribution bias in fecundation differed between broods according to female infection status using a Fisher test.
Genetic diversity of broods
To assess the genetic diversity of each brood, the observed heterozygosity was estimated using the software GENETIX version 4.05.2 (Belkhir et al., 2004) . A Spearman's correlation test was performed to detect a correlation between observed heterozygosity and the number of fathers implicated in fecundation for each brood. Then, a Kruskal-Wallis test was performed to compare the observed heterozygosity of broods between the three female infection statuses. All statistical tests were performed using the software R version 3.1 (R Development Core Team 2013). The function 'xmulti' in the package 'XNomial' was used to perform multinomial tests (Engels, 2014) , and the function 'dunn.test' in the package 'dunn.test' was used for post hoc Dunn tests after Kruskal-Wallis tests (Dinno, 2016) . Means are given AE standard error.
Results
For the entire microsatellite data set, observed heterozygosity was 0.67 and F IS was 0.05 (Fisher's exact test, P = 0.003). No null alleles nor linkage disequilibrium were detected for our microsatellites set. Regarding Wolbachia infection status among the 23 gravid females, eight were uninfected, 10 were infected with wVulM and five were infected with wVulC.
Probability of detecting multiple paternity
The probability of detecting multiple paternity was found to increase with the number of offspring included in the simulations. Our confidence in detecting multiple paternity was always higher than 95%, except for an unequal contribution of two fathers (between 61.9% using 10 offspring and 94.1% using 30 offspring) and an unequal contribution of three fathers for 10 offspring (87.3%).
Level of multiple paternity in broods
Multiple paternity was detected in all but one brood based on GERUD (Table 2 ) (mean minimum number of fathers = 2.96 AE 0.98), and in all broods with COLONY (Table 2) (mean most likely number of fathers = 4.48 AE 1.24). The number of fathers did not seem to be affected by the number of genotyped offspring (Spearman's correlation: P = 0.99, N = 23 for the minimum number of fathers; P = 0.89, N = 23 for the most likely number of fathers), nor by female size (Spearman's correlation: P = 0.15, N = 22 for the minimum number of fathers; P = 0.68, N = 22 for the most likely number of fathers).
Effect of female Wolbachia infection status on multiple paternity
There was no effect of the infection status of females on their body size in our sample (Kruskal-Wallis, KW = 0.53, d.f. = 2, P = 0.77), nor on their genetic diversity (Kruskal-Wallis, KW = 1.08, d.f. = 2, P = 0.58). The most likely number of fathers differed depending on Wolbachia infection status (Fig. 1 , Kruskal-Wallis, KW = 7.88, d.f. = 2, P = 0.02) with wVulC females producing broods with fewer fathers than both uninfected and wVulM females (Dunn test, wVulC -wVulM P = 0.01; wVulC -uninfected P = 0.03; wVulM -uninfected P = 0.32). To ensure that this result is not due to an error in estimation of the most likely number of fathers by COLONY, we also
performed the same analysis on the minimum number of fathers. This yielded similar results (Kruskal-Wallis, KW = 6.82, d.f. = 2, P = 0.03), with the same observation that wVulC females present fewer fathers than uninfected females (Dunn test, P = 0.01), even though there was no more significant difference between wVulC and wVulM females (Dunn test, wVulC -wVulM P = 0.09; wVulM -uninfected P = 0.11). Thus, the significant difference in the number of fathers between wVulC and uninfected females is unlikely to be an artefact due to imprecise estimation of the number of fathers by COLONY.
Contribution of each father to the offspring
According to the number of offspring sired by each father inferred by COLONY, it was observed that fathers contributed unequally to two of eight broods from uninfected females, three of ten broods from wVulMinfected females and two of five broods from wVulCinfected females (Fig. 2 , multinomial test, P < 0.05 for unequal contribution). The proportion of broods with unequal contribution of fathers did not differ depending on Wolbachia infection status (Fisher's exact test, P = 1).
Genetic diversity of broods
The observed heterozygosity of broods was not affected by the number of fathers implicated in fecundation (Spearman's correlation, P = 0.82, N = 23). Moreover, the observed heterozygosity of broods did not differ significantly depending on the infection status of females (Kruskal-Wallis, KW = 0.09, d.f. = 2, P = 0.96).
Discussion
Multiple paternity in Armadillidium vulgare
Our study shows that multiple paternity is common in a wild population of A. vulgare as all investigated broods had been sired by at least two fathers. These results Fig. 1 Most likely number of fathers according to female Wolbachia infection status. NI, uninfected females. Bars represent standard errors. Letters above bars represent significant differences of statistical tests (no difference between same letters, significant difference between different letters). Fig. 2 Contribution of each father to the brood. The letters in brood ID, given under each bar, correspond to female infection status: NI, uninfected; C, wVulC-infected; M, wVulM-infected. Stars above bars indicate broods with unequal contribution of fathers, with the corresponding levels of significance: *P < 0.05; **P < 0.01 and ***P < 0.001. strengthen previous studies highlighting the occurrence of multiple paternity in this species under laboratory conditions (Moreau et al., 2002; Verne et al., 2007) . Therefore, multiple paternity seems to be common in terrestrial isopod species as previously reported in A. nasatum (Lueken, 1963) or in Porcellio scaber and Porcellio dilatatus (Sassaman, 1978) . As A. vulgare is a gregarious species, the frequent multiple paternities indicate that the prevailing mating strategy is likely promiscuity as males can mate with several females in the same reproductive season (Moreau & Rigaud, 2003) . As multiple mating induces costs and no direct benefits have been observed in A. vulgare to date, it is likely that multiple paternity offers indirect benefits to females. However, contrary to our expectations, the number of fathers implicated in fecundation does not seem to affect the observed heterozygosity of the broods, suggesting a weak effect of the number of fathers on offspring genetic diversity. This observation can result from a too low sample size to detect such effect. Another explanation could be that multiple paternity is not the only factor able to affect offspring genetic diversity. Indeed, beyond the number of fathers, the intrinsic genetic characteristics of each involved father can drive offspring genetic diversity. Moreover, we cannot reject the possibility that multiple paternity could not increase offspring genetic diversity at all and that other fitness benefits could be brought by multiple mating in our model. As our study did not investigate the role of the multiple paternity on fitness, further experimentations should be done to investigate other potential benefits for females mated with multiple males.
In A. vulgare, Wolbachia is able to feminize males, distorting the population sex ratio in favour of females. At the population scale, this bias could decrease the number of available males and engender a decrease in the effective population size, likely resulting in an important loss of genetic diversity. However, previous studies have shown that multiple paternity leads to higher effective population size compared with what could be expected in polygynous or monogamous systems (Sugg & Chesser, 1994; Pearse & Anderson, 2009 ). Thus, combined with a preference of males for uninfected females (Moreau et al., 2001) , this promiscuous system could avoid a too rapid collapse of genetic diversity in infected populations of A. vulgare.
Impact of Wolbachia on multiple paternity in Armadillidium vulgare
Our study highlights that females infected with the wVulC strain had been fertilized by a lower number of fathers compared with uninfected females and females infected with wVulM. This result could be explained by a shorter co-evolutionary history between the host and wVulC compared with wVulM, as suggested by Cordaux et al. (2004) . This hypothesis has also been reported by Braquart-Varnier et al. (2008) to explain the higher virulence of wVulC in A. vulgare, resulting in lower haemocyte densities, higher septicaemia in the hemolymph and a reduced lifespan in individuals infected with wVulC compared with uninfected individuals or those infected with the wVulM strain. In this context, three nonexclusive hypotheses implying both females and males might explain our results. (i) As males prefer to mate with uninfected females compared with infected ones (Moreau et al., 2001 ), it appears that Wolbachia is able to influence the reproductive behaviour of males. The shorter co-evolutionary history between A. vulgare and wVulC, resulting in a higher virulence of the wVulC strain compared with wVulM, could have decreased the attractivity of females infected with wVulC and thus produce male preference towards females infected with wVulM rather than towards females infected with wVulC. This would explain the lower number of males contributing to offspring in wVulC-infected females compared with uninfected females or wVulM-infected females.
(ii) It is likely that the higher virulence of the wVulC strain leads to a trade-off between the energy invested to cope with the infection and the energy invested in reproduction. Thus, females infected with wVulC could spend less time for reproduction and therefore mate with fewer males than uninfected females or females infected with wVulM. Moreover, Wolbachia infection is also known to alter female mating strategy (Beltran-Bech & Richard, 2014) . Along the same lines, Moreau et al. (2001) highlighted that Wolbachia-infected females of A. vulgare show nonadaptive reproductive behaviour leading to a premature ending of the mating sequence with males. Although nothing is known regarding different reproductive behaviours of females infected with wVulM or wVulC strains, we suggest that the longer co-evolution of the wVulM strain with its host could have led to a lower impact on host reproduction, explaining the difference in number of fathers observed between hosts infected with wVulM or wVulC. (iii) An alternative hypothesis could be that wVulC-infected females invest in reproduction as much energy as the other females, thus having a similar overall level of multiple mating. However, they would simultaneously invest more energy in immunity to cope with the more virulent Wolbachia strain, leading to a more important energetic expense for these females. Thus, wVulC females might not possess the energy necessary to cope with multiple mating, which could lead to the death of the more polyandrous wVulC-infected females and their nondetection by our approach.
Unequal contributions of several fathers
Our results show that several broods have an unequal contribution of fathers, independent of Wolbachia infection status. Similar differences in paternal contributions have already been observed in different crustacean , the lobsters Munida rugosa and Munida sarsi (Bailie et al., 2011) or the ectoparasite Dissodactylus primitivus (Jossart et al., 2014) . Two hypotheses could explain these differences: (i) sperm competition and/or cryptic choices of females (both are favoured with multiple mating) as previously suggested by Jossart et al. (2014) ; and (ii) the order of males in mating. For this last hypothesis, the mating order could influence the localization of the sperm from different males in the seminal receptacle. Thus, the father having the highest contribution to the brood could be either the first or the last male to have mated with the female. The importance of sperm localization on fecundation success has been suggested for A. vulgare (Moreau et al., 2002) and the crab Chionoecetes opilio (Sainte-Marie et al., 2000) and could be tested experimentally under laboratory conditions, for instance by investigating the competitiveness of sequentially stored sperm.
Overall, our study highlights that even if multiple mating is ubiquitous in A. vulgare, the number of fathers is dependent on female infection status with Wolbachia. This difference is likely the result of evolutionary constraints imposed by the virulence of the symbiont on its host (whatever the underlying mechanism), rather than differential direct or indirect advantages obtained by females of different statuses through multiple mating.
